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ABSTRACT 

The fundamental manifold (FM), an extension of the fundamental plane formalism, incorporates 
all spheroid-dominated stellar systems from dwarf ellipticals up to the intracluster stellar populations 
of galaxy clusters by accounting for the continuous variation of the mass-to-light ratio within the 
effective radius r e with scale. Here, we find that Local Group dwarf spheroidal and dwarf elliptical 
galaxies, which probe the FM relationship roughly one decade lower in r e than previous work, lie 
on the extrapolation of the FM. When combined with the earlier data, these Local Group dwarfs 
demonstrate the validity of the empirical manifold over nearly four orders of magnitude in r e . The 
continuity of the galaxy locus on the manifold and, more specifically, the overlap on the FM of dwarf 
ellipticals like M 32 and dwarf spheroidals like Leo II, implies that dwarf spheroidals belong to the 
same family of spheroids as their more massive counterparts. The only significant outliers are Ursa 
Minor and Draco. We explore whether the deviation of these two galaxies from the manifold reflects a 
breakdown in the coherence of the empirical relationship at low luminosities or rather the individual 
dynamical peculiarities of these two objects. We discuss some implications of our results for how the 
lowest mass galaxies form. 

Subject headings: galaxies: formation — galaxies: elliptical and lenticular — galaxies: fundamental 
parameters — galaxies: structure 
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1. INTRODUCTION 

Scaling relationships among galaxies provide many of 
the principal constraints on galaxy evolution models. As 
such, the "fundamental manifo ld" of spheroids (here- 
after FM; iZaritskv et alJ [2006) , which spans a factor 
of 1000 in effective radius r e and of 100 in velocity 
dispersion a, poses a challenge to models of the for- 
mation of kinematically h ot stellar components embed- 
ded in dark matter halos. IZaritskv et alJ l)200fil) focused 
principally on relating the structural properties of the 
spheroidal stellar component of the largest known viri- 
alized s ystems, the intr acluster stars of galaxy clusters 
fCSph: iGonzalez et alJ |2005|) . to those of more com- 
mon spheroids such as giant (E) and dwarf (dE) ellip- 
tical galaxies. They considered the efficiency with which 
baryons are packed relative to dark matter within r e (as 
measured by the mass-to-light ratio within r e ,M e /L e ) 
and found that the existence of the spheroid FM im- 
plies a M e /L e — a relationship that continues to steepen 
with a from Es to CSphs. In other words, the packing 
of baryons relative to dark matter within r e is less effi- 
cient for these spheroids as a increases. The behavior for 
spheroids with still smaller values of <r, dEs and dwarf 
Spheroidals (dSphs), was inconclusive. In this Letter, 
we consider this low-c extreme of spheroid scale, using 
eight Galactic dSphs and four dE companions of M 31 
to investigate how well the smallest and most compact 
galaxies map onto the extrapolation of the FM. Finally, 
we speculate on how the behavior of the FM for these 
lowest mass galaxies might be used to constrain galaxy 
formation models. 

2. RESULTS AND DISCUSSION 
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We searched the literature for the necessary data for 
every dwarf elliptical and spheroidal in the Local Group. 
The data (Table 1, Figure^ come from various sources. 
We calculate the half light radii for the Galactic dwarf 
sp heroidals using the King mode l fit parameters given 
by Irwin & Hatzidimitriou (1995). For the Andromeda 
systems, we adopt the r e given bv lKentl (jl987r> for M 32 
and NGC 147, fit to Kent' s photometry for NGC 185, 
and use the value given by IChoi et all Hfiol for NGC 
205. The mean surface brightness within r e , I ei is eval- 
uated using the total luminosity and a circular aperture 
defined by r P . For consistency with the data used by 
IZaritskv et alJ l)2006|L we convert magnitudes from V to 
Cous ins I using the color transformation for ellipticals 
from iFukugita et all l) 19951) . We do not attempt to cor- 
rect r e for any possible color dependencies. The errorbars 
represent the propagated uncertainty due to the quoted 
statistical errors in a, the apparent magnitude, and the 
distance. Errors in the half-light or effective radius are 
not included as they affect both the ordinate and ab- 
scissa such that the data points move nearly parallel to 
the projection of the fundamental manifold (see Figure 1 
for a demonstration) . The velocity dispersion uncertain- 
ties are the dominant source of the plotted errors. 

We compare the p o sition of these 12 dwarfs to the 
FM of IZaritskv et all (j200rl in Figure 1. We have not 
modified the old relationship to optimize the fit to this 
new set of points. The xl value of only these new data 
with respect to the existing model is 1.91. This value 
is high, even for the relatively small sample given here 
(such a value can be ruled out as random with > 98% 
confidence). However, this apparent discrepancy is due 
solely to Ursa Minor (UMi) and Draco (without these 
two galaxies, \t drops to 0.82). 

Apart from the two outliers, which are discussed in 
more detail below, the other 10 systems extend the FM 
relation nearly a decade lower in effective radius. The 
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continuity of the locus of spheroids on the FM, from 
CSphs to dEs, sugg ested a single family of spheroids 
ijZaritskv et alJl200^) . The overlap here between dEs 
and the Galactic dSphs indicates that even dSphs are 
part of this family. A further example of the continuity 
of spheroid properties on the FM is that one of the high- 
est surface brightness galaxies known, M 32, lies next 
to one of the lowest surface brightness galaxies, Leo II. 
These two galaxies also differ in velocity dispersion by 
nearly a factor of ten. M 32 's presence on the FM sug- 
gests that unless tidal stripping works to move objects 
along the FM, M 32 has been only modestly disturbed by 
its interaction with M 31 (a similar conclusion is reached 
through other arguments bv lChoi et alJl2002]) . 

We note that even for the 10 dwarfs that are statisti- 
cally consistent with the FM extrapolation, there may 
be a small but systematic deviation. All but one of 
the dwarf galaxies lie above the FM projection, while 
at larger values of r e (1 < logr e < 2, r e in kpc) the 
data appear to lie systematically below the line. These 
systematic deviations may indicate that there is a more 
precise fit to the gl obal FM than that presented by 
IZaritskv et all lj200ffl . However, given the uncertainties 
in the measurements (see the scatter in published my 
values for the Galactic dSphs in Table 1), the possible 
systematic behavior of r e with color, the use of a single 
universal color term across the entire range of systems, 
and the difficulties in defining a, it is premature to fine- 
tune the FM coefficients. 

Returning to the two outliers, Draco and UMi, we dis- 
cuss three possible causes (in order of least to most as- 
tronomically interesting): 1) the difficulty in measuring 
the basic fundamental parameters of these systems has 
been underestimated, leading to overly optimistic error- 
bars or to systematic errors, 2) these two galaxies are 
experiencing tidal forces that affect their internal kine- 
matics and structure such that they no longer lie on the 
FM, or 3) these two galaxies, which have the lowest lu- 
minosities of all the galaxies in the sample, mark the 
breakdown of the tight FM relationship at low luminosi- 
ties, and so identify the location in this parameter space 
at which baryons and dark matter no longer follow the 
same "rules" of galaxy formation. 

If the offset between these two galaxies and the FM 
is due to Option 1, then the large value of xt must be 
attributed to a problem with the velocity dispersion mea- 
surements and/or their estimated uncertainties. Errors 
in the apparent magnitude and distance are unlikely to 
cause such a large discrepancy. For example, to bring 
Draco back onto the FM requires an error in the ab- 
solute magnitude of 2.86 mag. Even though one could 
parcel this error into errors in the apparent magnitude, 
color conversion, and distance, these errors would still be 
unreasonably large. Alternatively, one could place Draco 
on the FM wi th a modest change of its velocity disper- 
sion from 8.5 ijArmandroff et alJl!995f) to 5 km sec^ 1 . Is 
such a systematic error likely? 

Measurements of the velocity dispersions of dSphs have 
improved greatly over the past two decades and now 
come from samples of hundreds of stars. The quoted 
uncertainty on the meas urement we use is 0.7 km sec -1 
l)Armandroff et aT1ll995[) . so the required change in a 
from 8.5 to 5 km s -1 appears unlikel y on purely statisti- 
cal grounds. Recent, larger studies l|Klevna et alJl2003 
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Fig. 1. — Local Group spheroids plotted on the fundamcn- 
tal manifold. The small dots represent the data presented in 
IZaritskv et a l. 1 2006), which include the intracluster stellar compo- 
nent of galaxy clusters (CSph), brightest cluster galaxies (BCG), 
giant ellipticals (E), and dwarf ellipticals (dE). The filled circles 
with errorbars represent the eight Galactic dwarf spheroidals, with 
the two vertically outlying points representing Ursa Minor (UMi) 
and Draco (D). The open symbols represent the four M 31 satel- 
lites (the open circle at the bottom left of the Figure represents M 
32). The solid line is the edge-on pro jection of the man ifold in this 
coordinate system as derived by Zaritskv et al. (2006). The short 
diagonal line extending from the Draco data point represents the 
change in position caused by adopting the structural parameters of 
IQdenkir chen et alJ 120 01]) rather than t hose from our calculations 
using the llrwin fc Hatzidimitriou (1995) King model fit. 



iMuhoz et" al. 2005) confirm th e global velocity dispersion 
from lArmandroff et al.l l)1995|) . although they do find ra- 
dial gradients in a. The velocity dispersion used in the 
FM relationship is supposed to be that measured within 
r e , although we generally assume flat dispersion profiles 
and adopt the mea sured global value. The dispersion 
profile presented bv lMufioz et alJ l|2005|) suggests that a 
could be as low as ~ 6 km sec -1 over a centrally limited 
radius, which could help to reconcile Draco's position rel- 
ative to the FM. However, UMi has a velocity dispersion 
gradient of the opposite sign, so its central a is larger 
than the global value. Taking a more central value for a 
would increase the discrepancy between UMi's location 
in Figure 1 and the FM. We conclude that although the 
newly identified velocity dispersion gradients complicate 
the picture (and so perhaps lessen the discrepancy by in- 
creasing the errorbars), they do not act in a systematic 
manner to address the current discrepancy between the 
FM and the properties of UMi and Draco. 

Proceeding to Option 2, we can speculate that 
these two systems are not well described by sim- 
ple dynamics. They are the two closest galax- 
ies to the Milky Way among our set, as well as 
the two of lowest luminosity. Because of these 
properties, it is often suggested th at Draco and 
UMi are victims of tidal stri pping (iKuhn^^^illerJ 
[1989) IKutml Il99l IKroupal 119971: iFleck fc Kuhnl 
200i IGomez-Flechoso fc Martmez-Dekadol 120031: 
Muno zet alJ 120051) . For example. IMuhoz et al. (2005) 
argue that this galaxy is not a simple, dynamically 
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TABLE 1 
Local Group Spheroids 



Name 






my Range 




D 


References 




[arcmin] 






n 1 i 

[km s J 


[kpc] 




Ursa Minor 


14.5±1.1 


10.3±0.4 


9.8-10.69 


8.8±0.8 


66±3 


1, 9, 12 


Draco 


8.2±0.7 


10.9±0.3 


10.78-11.0 


8.5±0.7 


76±6 


1, 5, 9, 15 


Sculptor 


11.5±1.9 


8.5±0.3 


8.13-8.8 


8.8±0.6 


79±4 


9, 12, 19, 20 


Sextans 


28.0±5.8 


10.3±0.3 


10.2-10.4 


6.2±0.7 


86±4 


9, 12, 16 


Carina 


8.2±1.1 


10.85±0.25 


10.6 -11.0 


6.8±1.6 


101±5 


9, 11, 12, 13 


Fornax 


16.7±1.0 


7.6±0.3 


6.9-8.4 


12.4±1.5 


138±8 


9, 12, 19 


Leo II 


2.6±0.4 


12.0±0.2 


11.6-12.0 


6.7±1.1 


233±12 


3, 9, 12, 18 


Leo I 


3.4±0.4 


10.1±0.3 


10.0-10.2 


8.8±0.9 


254±30 


2, 9, 12, 14 


NGC 185 


2.50 


9.09±0.15 




28±8 


620±25 


8, 10, 12 


NGC 147 


2.13 


9.35±0.15 




23±5 


725±45 


4, 10, 12 


M 32 


0.53 


8.10±0.15 




60±10 


805±35 


6, 10, 12, 17 


NGC 205 


2.38 


8.05±0.15 




35±5 


815±35 


6, 7, 10, 12 



Ref ere nces. — fl l lArmand roff et alHl995T). [21 IBellazzini et al.ll200 #. [3] lETellazzirn&TTr 
Iggga, [41 IBender et all 1199111. l5IIBonanos et al.l l2004B. l6l|Choi*etaLl t2002D. l7 I IGeha et ah 
l2006ti. [8TTHeTdeT^lT fj"99ai. [9]^TramT ^latzidi mitriQii 11995D . ll oJ^ Kentj jl98 7|l. 1 11 1 
IMateo et alj 119931) , [12 1 IMated |19 98|). l lsTTMatoTe t all I1998b|). [14] [Mateo et al J I1998afl. 
1151 pdenkrrrfienet all i20 pi|). [161 ISuntzerte^TT^gai. 1 171 | van der MarelT^Ll J^fSJ, 
[18l r^greTa!TTT995Tr [19I IWalker at all 120061) . 1201 IWestfall etalTl20o3i 

Note. — The effect i ve rad ii were determined using the King model fit parameters f rom 
Irwin & Hatzidimitriou (1995) for the Galactic dSphs and from the data of Kent 11987) for 
NGC 185. Other data are drawn directly from the references. 



relaxed system because of the unphysically large in- 
ferred mass (implying M/L > 900) based on their 
measurement of a large a far from UMi's core. Such 
arguments favor the interpretation that the dynamics of 
these systems are somewhat disturbed, that the velocity 
dispersions are affected, and that these systems should 
lie off the FM. The critical test of this interpretation 
is to determine where other low luminosity spheroids, 
especially those far from the Milky Way or M31 and 
thus unperturbed by tidal forces, fall with respect to the 
FM. 

There are at least two other Local Group objects that 
are particularly interesting for this discus sion given their 
low l uminosity: the Ursa Major dwar f ijWillman et alJ 
|2005|) and And IX ijZucker et alJl2004j) . Unfortunately, 
the data are not yet of the quality necessary to impact 
this discussion. The magnitude and structural param- 
eters of UMa are currently crude estimates, although 
improved data are on the way. If we do adopt the 
published structur al parameters l|Willman et alJ 120051 
IKlevna et all 12005). then UMa lies well above the FM, 
as do UMi and Draco. The data for And IX are fur - 
ther along ijHarbeck et alJl2005t IChapman et al.ll2005|L 
but the velocity dispersion is still somewhat problematic. 
The stellar velocity dispersion is almost zero at small 
radii and then rises quickly with radius. The global ve- 
locity dispersion value may therefore be misleading. Nev- 
ertheless, if we adopt the published value, we find that 
And IX is also above the FM relationship, although only 
by 1.1 standard deviations given the large uncertainty. 
Improving the data on these two galaxies is key because 
they probe the low-luminosity end of the spheroid distri- 
bution. 

Finally, considering Option 3, we restate that Draco 
and UMi are the lowest luminosity galaxies plotted in 
Figure n an d that the preliminary data discussed above 
for two other low luminosity dwarfs show consistent de- 



viations from the FM. As such, Draco and UMi might be 
indicative of a breakdown in the coherence of the FM at 
these luminosities. Do we expect such a b reakdown? 

As discussed by iZaritskv et alJ (|200fi^l . the trend of 
M e /L e with a that leads to the FM can be physically in- 
terpreted as a trend in the packing efficiency of baryons 
relative to dark matter within r e . They concluded that 
the packing is inefficient for the systems with largest a 
(CSphs and BCGs), becomes highly efficient for systems 
with moderate a (Es), and, with less certainty, becomes 
inefficient once again in systems with low a (dEs). The 
continuation of the FM relationship here to even lower a 
systems confirms that the packing of baryons relative to 
dark matter is highly inefficient in the systems with the 
lowest cr's. The key to a tight FM lies in the maintain- 
ing this pattern in the relative distributions of baryons 
and dark matter among all spheroids. If there is a class 
of spheroids for which a change in the distribution of 
baryons due to non-gravitational physics is not accom- 
panied by a corresponding change in the distribution of 
the dark matter, we expect a loss of the FM coherence 
for those spheroids. 

One such class may be systems in which the baryons 
are dynamically negligible and that therefore lack a phys- 
ical connection between the properties of the baryonic 
(r e , I e ) and dark (a) components. If the baryons in these 
systems are subject to forces that do not affect the dark 
matter, such as winds or ram pressure stripping, the dark 
matter would not respond to changes in baryon distribu- 
tion. In other words, the baryons can be distributed, or 
packed, within the dark matter halo in numerous ways 
without affecting cr, and this range of optical r e 's and 
7 e 's will almost certainly break the coherence of the FM. 

The baryons are dynamically negligible in low- 
luminosity s ystems with large mass-to-light ratios (see 
lMateolll99S|) and where n on- gravit at ional phys i cs is ex- 
pected to be important ijBabul fc Reesl Il992t iMartinl 
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1999). As one example of how the FM coherence may 
be broken, we consider a population of dark-matter- 
dominated, low-luminosity systems in which varying 
fractions of baryons have been lost due to supernova 
winds. These systems will all have the same a (because 
the dark matter properties are unaffected by the baryon 
loss), but different values of I e . Unless r e conspires to 
compensate for the change in I e , this set of objects will lie 
off the FM by differing amounts. Upward scatter in Fig- 
ure^ as seen f° r Draco and UMi, corresponds to a lower 
than predicted effective surface brightness, as would arise 
if these dSphs are dark-matter-dominated and have ex- 
perienced baryon loss. 

The adherence or deviation of low-mass galaxies from 
the FM may ultimately help to address one of the key 
questions facing current hierarchical models — how do 
galaxies populate low mass halos? A wide range of liter- 
ature has considered the "mis sing satellite problem" for- 
malized bv lMoore et alJ l)1999fl in which cold dark matter 
cosmological models apparently overpredict the number 
of low luminosity satellite galaxies. It is now evident that 
any solution to this problem must include a delicate bal- 
ancing act to retain the FM well into the low mass regime 
where the problem has been identified. The tightness of 
the FM relationship down to at least the luminosity of 
UMi and Draco suggests that solving the missing satellite 
problem may require investigating two regimes, namely 
those in which baryons are and are not dynamically im- 
portant. Processes that inherently generate significant 
scatter, such as any that are environ mentally driven (see, 
for example, iKravtsov et alJl2004|L could easily fail to 
reproduce the low scatter seen in the FM for systems 
more luminous than UMi and Draco. If the other hand, 
we were able to quantify the scatter along the vertical 
axis in Figure ^ for objects like UMi and Draco, then 
that scatter would constrain the variations in mass loss 
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3. SUMMARY 

We demonstrate that the lowest luminosity, lowest sur- 
face brightness, and lowest velocity dispersion spheroidal 
galaxies currently known fall on the pr ojection of the 
"fund amental manifold" (FM) defined bv lZaritskv et all 
(2006). The FM now spans nearly four orders of mag- 
nitude in effective radius r e . The FM is not a simple 
recasting of the virial theorem, as demonstrated by the 
complex behavior of the ma ss-to-light ratio within r e 
with a l|Zaritskv et all 120061) that is now extended by 
these new data. The FM places a constraint on models 
of spheroid formation ranging from the dwarf spheroidals 
of the Local Group to the intracluster stellar component 
of rich galaxy clusters. In particular, the manifold de- 
scribes an increase in the ratio of dark to luminous matter 
within the optically defined effective radius for both the 
largest and smallest spheroids embedded in dark mat- 
ter halos. The continuity of this relationship into the 
regime of dSphs suggests that these systems are not a 
distinct class of spheroid and that they have not been 
grossly affected by interactions with their massive par- 
ent galaxy. The tightness of the FM well into the low 
mass regime, where the "missing satellite" problem arises 
ijMoore et al]ll999\ suggests that it may be challenging 
to explain the existing systems as the few sole survivors 
of a complex and violent history. 
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